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With the recent increase
the power conditioning arena,
field is the lack of texts or

PREFACE

In tech}!ological needs and the interest in
one of the problems facing workers in the
notes describing recent progress, particu-

larly in the area of repetitive power conditioning. For this reason and
because of expanding internal requirements, the University of New Mexico
(UNM) and the Los Alamos Scientific Laboratory (LASL) have created a set
of lecture notes based upon the graduate course taught recently at UNM.
The objective of these notes is to create a record of many of the ad-
vances in the field since the last text in the Field was published just
after World War II. In this context, the lectures presented are ori-
ented toward an introduction of the reader to each of the areas de-
scribed and present sufficient background information to ?~plain many of
these advances. They are not intended to serve as desiqn engineering
notes, and thus the reader is referred to the references at the end of
each lecture for detailed technical information in specific areas.

The preparation of these writings Is a result of a considerable
teamwork effort on ‘he part of LASL and Sandia staff. In particular,
Cathy Correll, it] conjunction with Jo Ann Barnes and the rest of her
efficient word processing staff, carried the major responsibility for
preparation of the lectures while the lecturers did t$e proofreading and
revisions. As coursp coordinator, it +s a pleasure to acknowledge the
strong support of Raj Gore, our E-Div!sion Leader, and Shyam Gurb~xani
who is the UNM Graduate Center Director, Los Alamos Campus.

k. J. Sarjeant
Los Almos $cientiflc Laboratory
Los Alamos, tiewMexico
October 3, 1980
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Lecture 1

An Introduction to Power Conditiorling Systems

by

W. J. Sarjeant

1. Scope of the Course

The pti~pose of the course is to present an overview of the pcwer

conditioning aspects of energy transfer systems. The objective, then,

is to develop an understanding and appreciation of the physical

processes that govern the performance of these systems, including the

role of such elements as switches, capacitors, inductors, and .

resistors. Secondly, to discuss where are the sources of information

once a problem area has been identified? A major effort in this course

will be to transfer this information in key areas to you as hand-outs.

All the information will be current and state-of-the-art, and directed

toward these pulse component<, with particular emphasis on the area of

high-repetition-rate systems, as these are taking on ever increasing

significance.

Walt Willis, Bob Butcher, and Bill Nunnally will cover the areas

within thi,: course on “Power Conditioning Systems” (PCS) with which they

have had considerable experience. Jim Sarjeant will handle the course

integration and the discussions of the component technology-base (for

example, the present status of power conditioning systems and thyratron

switching in general). Aj we progress, it will be arranged for sever?l

experienced individual to come in and discuss special topics, Some

such suggested topics are yrG~nding and shielding, safety, accelera~~rs,

and E beams. Ken Prestwich will discuss E-beam accelerators, and Gerry

Rohwein w~ll present detailed information on pulse transformers and

high-voltage insulation, Tom Boyd and Don Swenson will discuss

accelerator systems with us, n~tinq in particular current PCS neds

PPi$ing from nwsent accelerator research.
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The text on which the course is based is Pulse Generators by Glasoe

and Lebacqz, the World War 11 radar modulator text, primarily concerned

with chdrging capacitors or pulse-forming networks (PFN), and then

discharging the energy stored therein at high repetition rates, either

directly or through a transformer into a load. The secondary load was

generally a magnetron. This text will serve as a referertce base and

then technology developments over the subsequent 30 years will be molded

around it. Extensive use will be made of handout information to bring

the overall technology base up to date.

The field of “Power Conditioning” is fraught with differing

definitions as to what it means, as well as defining the branching

points ~ithin each area. For the purposes of this course, we will

define the concept of “Power Conditioning” as “the shaping of electrical

power from the conventional 60- to 400-Hz mains, into temporally

well-defined pulses of electrical energy having reproducible vol?age arid

current time histories.” (See Figure 1.) In this context there is no

specific mention of the repetition rate at which these pulses of energy

are deposited into whatever the load may be. Normally, such systems are

divided Into single-shot (several times per hour or day) and

repetitively pulsed (1 Hz upwa!-as), primarily depending upon load

requirements. A “Power Conditioning System” (PCS) can then be dsfined

as “an energy transfer system that stores energy, either mechanically or

electrically, and then disch~rges a determined fraction of this as

electrical energy into the load.” There are two main types of energy

storage techniques:

1. Mechanical: The mechanical energy, Mr, is stored in rotary

motion of machinery, such as a flywheel dc source device or a

puls~d compensated alternator: t

Wr = + IOJ2



INTRODUCTIONTO
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DEELwuM:
AN ENERGY TRANSFER SYSTEM THAT STORES ENERGY, EITHER MECHANICALLY OR

ELECTRICALLY, AND THEN DISCHARGES A DETERMINED FRACTION OF THIS AS

ELECTRICAL ENERGY INTO THE LOAD.

ENERGY, WR, IS STORED IN ROTARY MOTION OF MACHINERV.

- liR= ; IOJ

CTRIC.91

ENERGY IS STORED IN ELECTROSTATIC OR MAGNETIC FIELDS,

ELECTROSTATIC:

J

E.G. FOR CAPACITOR
‘ i+
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T o
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MAGNETIC:
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2. Electrical: The energy is stored in electrostatic or magnetic

fields:

~ ~ “ ~dvElectrostatic: We = ~
\

For example, for a capacitor,

v
we = ; CV2

Magnetic: Mm = 1 E“li(lv7\ For an inductor, as an example,

v
Wm= +L12

These two classes of PCS, mechanical and electrical, are

schematically illustrated in the block diagram in Fig. 2. Mechanical

energy PCS of both types A and B are being actively pursued at the Naval

Research Laboratory (NRL) and the University of Texas at Austin, the

lattsr under Lawrence-Livermore Laboratory (LLL) support. It has beer

projected that these devices will be capable of transferring ecargies of

up to 100 megajoules per unit, in a time span of several hundred

microseconds for flashlamp pumpi g applications. It may be possible to

extend the concept of a compensated pulsed alternator (type B illFig. 2)

to pulse-charging applications, up to 10-kHz repetition rates, for

charging times aruund 10 microseconds. If this is possible, thess

devices, following the normal time scale of high technology development,

may well make excel?ent second-generation (1995-1990) charging units for

fusian reactor drivers -- charging high-energy-density transm~ssiorl

lines, which cou”id then be discharged either in microseconds for !assr.

drivers of the C02 type or in tens of nanoseconds fw Electron 3eamf

Light Ion driven (EB/LI) or excim’er (e.g., KrF) laser-driven fusion

systems. It is far from clear that the leakage flux of these ~ather law

voltage alternators can be reduced to the level that will allow efficient

uperatiun in the required =10 microsecond time scale. This point,is

currsntly under study at the University of Texas.,

The electrical PCS fall Into two categories, differing primarily in

how the energy storage capacitors and/or transmission lines are charged.
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For purposes of ill~stratiGn we shall discuss them with particular

reference to some of the p~esent repetitive PCS work underway at both

LASL and Sandia. In the type II-A of Fig. ‘, a conventional dr power

supply feeds energy into the energy-storage unit through the charging

system. For single-shot systems, the latter may only be a string of

charging resisto~-s (giving a 50% energy--charging efficiency), while for

repetitively pulsed applications, the unit is usually an inductive type

of resonant charge network to ensure near-unity energy transfer

effic~ency. These inductive charging systems, with several

high-regulation variations, are currently under development at LASL for

lassr isotoDe separation (LIS) applications, pulsed medical accelerators,

the free-electron laser, and also are under stud,v for use in the very

?arge PCS required for high-reliability fusi~n laser systems. In

addition tc the above, pulse-charging transformers form a third charging

tec?nique used primarily where high-voltage gains and efficiencies are

required, The development of large-scale air-core pu”lse-charging

transforme~ techniques was pioneered at Sandia for high-voltage gain,

fast charging (0.1 to 1 microsecond) and triggering applications. They

have develdped an extensive expertise in these air-cored transformers,

which are complementary to the iron-cored units under research and

development at LASL. These compact ircn..cored transformers, designed

with very high coupling coefficients and transfer efficiencies, have the’

potential of being vital components In future high-efficiency,

cost-effective multikl lohertz lasers as well as in numerous reldted

appl ications, such as research accelerators.

The energy storage device required for high-reliability, long-’lif?

systems will 1ikely remain capacitors for sl~meconsiderable D?riod of

time until other technologies become sufficiently mature to ~isplace tneI:

in a cost-effzctive way. At LASL, research and development is undeway

on capacitor :~‘(~ctures directed towards satisfying the very long

lifetime rrquirernents in LIS, laser fusion, accelerators, ,~ndnucle~r

particle diagnostic systems. These e~forts have clearly idenclfied the

need for a con~iderable technology base development and effective
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laboratory-industry technology transfer in this area, which may soot.rake

on considerable strategic significance. It has been recognized, through

a number of LASL programs, that the future systems evolving from the

research described above will demand component performance levels vastly

beyond those obtainable from our current technology base. For this

reason, the research emphasis Is being placed upon the two weakest areas

in PCS, namely, capacitors and switches for lifetimes !n the region of
~Glo

to 1012 hots, as needed in the mature versions of all the abo~’e

systems. In this field of high-repetition rate caDacitor development

there has been exceedingly sparse data available in the area of long

lifetime systems except for sma?l radar modulator mica capacitors

develooed for the F-Ill (>> 1011 shot ~jfe) and polysulfone/poly-

propylene-silicone oil capacitors (>10 shot life) specifically creat~l

for driving industrial C02 TEA lasers. The results of the work to date

here have shown that the present research and development approach to

developing very long lifetime capacitor systems can be applled to pCS

requirements for full-scale fusion laser driver applications.

‘n the area of switching, several ~aboratories are working on

complementary parallel efforts. At,this time it appears that the first

feasibilit~ demonstration fusion reactor systems, operating in the 1- to

1O-HZ region can be cost effectively switched utillzing spark gaps under

development at Sandia and at LASL. At Sandia, components are currently

being tested in the 30-kW range and will soon be into the sltiO-kX

test-stand configurations. These are all Marx Bank devices and the

Sandia facility w:~i yield valuable scaling and lifetime data. Stud:es

at LA5L have shown that it is highly probable that altern~tiie PCS

configurations can be de~elcped, uti ’lizinqextensions of adiabstic

Bllnlein techniques to COritinUO\Jsoper~t ion in the 10- to 40-Hz region ~s

noted above, but yielding an MTBF of 3 to 5 years in contrast to months

tu a year (=107 shots) for spark gap system’.. For second generation

fusion drivers of the future, further development of switch and capacitor

technology from the base currently being established through present

programs is necessai,v to achieve Indu<tr,al reliability levelr for these

systems,



POWER CONDITIONING SYSTEMS

The repetitive switch

LECTUR< 1

rq techniques undergoing research and

development at LASL primarily utilize thyratron technology, because

8

programmatic needs demand long lifetime operation in all of the

high-repetition-rate systems, (although some systems can function with

spark gap switches to meet near-term objectives). Through LASL contract

support, the demonstration of current pulse switching rates comparable to

many single-channel sp~rk gaps Ilasbeen accomplished this year at J level
in ex~e~~ of ~012A,s. Scaling these new thyr~tron structures to

exceedingly large power levels has been carefully studied by both EG&G

and IASL staff. It has been concluded that sufficiently !arge devices

could be developed to allow a full-scale C ,2 fusion laser driver or

EB/LI pulse-charging unit to be switched with only a few :hyratrons (t’wo

to six depending upotl voltage needs), each passing multimegawa:ts of

average power. It is to be noted that these thyratrons represent a

direct scaling from megawatt devices Droduced through the ERADCOK: prcgram

and the ultrafast tubes teinq developed for the LASL LIS program and show

the significant offshoo~ benefits of both technology-base develorme~t

programs.

As noted above for thyratrons, military tube developments are

underway to meet adiabatic applications from 50 to 120-Hz repetition

rates, for 60 to 30 seconds on-til,le,long off-times, P a limlted nmber

of total cycles (a few hundred). Thus, all components -- thyratrons,

capacitors, charging systems, and power supplies -- need to be

lightweight and of llmltecl life. These cond~!ons arh.diamet~lca; ?v

opposed to the long-life needs ~f all long-life, indust-’i~l sYste’rs 3L

well as numerous other program needs as described above, And dram?t~cal’f

Illustrate thq need for J research and technology base dev~!oomelt

program to create systems meeting these ccnc!ltions that ~,re so at

varlaace with the mllltary requirements.

In p~rt II-B of Fig 1, the POWPP supply/charging system {s 511c\vrl)$

one block, connected directly to the mafnr. This type of confiaur~ti!n

was chosen to illustr(lt~ chl~roinq systems utilizing !~igh-f~equ~vcy

lnverters and polyphasc cycloinverters, wh{ch d!~(?ctly ch~rqe th?
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capacitor banks in times somewhat shorter than the pulse repetition

pe~iod. In the area of large-scale inverter technology, t+is is

primarily at the research level (Gilmour, University of Buffalo).

Cycloinverters are well established in the power industry (AC-DC and vice

versa) and they may have application to single-shot systems. In most

cases, their cost is so h gh +Yib it is unclear just where they could be

effectively deployed.

A Power Conditioning System (PCS), then, stores electrical or

mechanical energy and, on comnand, deposits a predetermined amount of

this energy into a load (either a resistor, an inductor, or a more

complex load system). As we saw above, storage c~n be either electrical

or mechanical and either all or a portion of the energy can be discharged

into the load. This includes, for example, rotating machinery, pulsed

alternators, and the llke as storage elements. In the mechanical sense,

we’re thinking of rotational energy, stor~ ! in rotary motion. In the

electrical case above, there are two classes: (1) storing the energy as

electrostatic energy in the d’ielectrlc of the medium and (2) in a

ragnetlc case, where the magnetic energy is stored in the magnetic fields

inside OO the indu:tor. This discussion does n~t take Into account

time-varying capacitance or time-varying Inductance, These relations

above (Fig. 1) apply, then, to geometrically Invariant systems, not

varying in spatial dimensions or posit~on with time. Otherwise, the C or

L cannot be moved from under i.oeIntegral sign, If one is dealing with

nonlinear cases or time-velpylng C afldL, !’ is necessary to return to the

complete formulation of Maxwell’s equations.

Let us expand somewhat upon several facets of the above pulse powe~

systems. In mechanical syste,mc, mechanical energy is often stored in a

rotating mdchine and then discharged through a switch that COUpleS the

storage component to a load. A pulsed mecnanfc~l energy discharger,

being developed at the !Iniverslty o’ Tex~s (Austin) is called a

ccrnpulsator. It Is essr’ltlally a magnetic-fl~x compressor. When the

flux is compressed to a maximum amount, a burst of en?rgy IS emitted int:
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the load. The real advantage of this system is the enormous amount of

energy t~at can be stored. At NRL, several megajoules have been

routinely stored in a rotary machine. Mechanical stress analysis

indicates that stcrage of up to several hundred megajoules in a

superconducting rotary motion machine, or 100 megajoules in a straight

mechanical wheel, is possible. ‘The present difficulty with this system

is the repetition rate for a fixed ener-if per pulse: they are extreme?y

slow to recharge, with bursts once every second to once every two

minutes.

As discussed in the Introduction above, electrical systems are of

two major types: firstly (!I-A), the PCS can have dn AC or DC power

supply (AC is relatively Fare), connected to a charging system that

charges the energy storage device (capacitor, inductor, or trznsmisslan

llne) until the assigned stored energy is reached. At that time the

QldtDIJtswitch is turned on and the energy is dumped into the load. (Fig,

2) Ihe second electrical :ase (II-B) is the hiqh-freauency ic~erter

power supply. It charges the enwgy system in d few milliseconds,

permitting very high rep rates. Some other types of systems in this

class are the constant-current DC supplies that use series vacuum tubes,

and command charging sys+ems that use a series tube in the output cr a

thyratron turned tull on to initiate the.start CF the (resonant) charge

cycle. The system then charges the energy storage system !V a very sho~t

period of time, the series tube turns or Is tur:]cd off, and the output

switch then closes, Transferring the stored energy Into the load,

If the energy storage device is charged rapidly, the prnh~bility ~f

switch preflre IS reduced, ~s it is proportional to the time ttl~swit-+

is at full voltage. When It is neccssory to strest t4e switch to thI’

maximum voltage, charging must take pl~ce very quickly (to decrease thiz

prefire probability). Corona formation times arc on the order of 1-10

microsccorlds. If the system Is charged In times of that magnltudp t+~~

prt~jbahllltyof the switch itself having a slgnlflc:~nt lntcrn~l coron~
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current, which gives you a small electron density and thus a preflre, is

quite small. The other advantage of pulse charging is that the

dielectric strength of the energy storage medium is increased

significantly (up to z factor of four higher for the same lifetime in a

rep-rate system). The device can then be made several times smaller for

the slme lifetime, appreciably reducing the system inductance. This has

considerable advantage for airborne devices, portable devices, or systems

where extremely low internal impedance on the o~der of a few tenths of an

ohm is required.

Cach system has its own problem areas and performance limitations.

When the switch closes, all the stored ener~, if there isn’t perfect

eneryy transfer, is not dissipated in the load. Then, when the switch

tries to open aCain, at the zero of voltage, the small voltage

perturbations from the energy stored in residual inductance and stray

c?pacit~r-,s of the system generai~ very high frequency transients in the

system discharge loop and in the energy storage system. These trans~ents

must be d~mpened, otherwise the switch will generally reclose and fault

the system power supply. This is the main reason why the earl:’

high-rep-rate TEA lasers were so very difficult to operate at rep rates

above a kilohertz. There was enough energy stored in the loop

inductances and stray capacitances in the system so that, whenever the

switch started to open, there was sufficient inverse voltage applied to

the thyratron switch (25 kv or go) to irm;ediat.elyfault it. It then

acted as its own spark gap, tripping off the power supply. These . ,

transients can cause signlftcant internal damaq~ to triode t?yratr~ns.

Tetrode tubes are far more immune. Spark gaps, on the other hand, if

they turn on again, stay on, and fault the poww s~pply suffering no

permanent chnage Ignittons will also tolerate such treatment If they

have proper annde and “k~ep-aliv~” auxil!ary electrode materials and wIII

then withstand significant curl-ent reversals. The ignitror aux’ ‘rj’

electrode is pulsed with a very large trigger pulse and a relatively high

energy IS dumped into this auxili~ry electrode (which keeps the pool

ionized durinq the revsrsal period) so the ,nercury pool becomes the anode
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instead of the cathode. The only disadvantage is that high rep-rates

cause a tendency for the reverse arc to track along

anode insulator, destroying the tube hold-off capab

lifetime.

2. CHARACTERISTICS OF PULSE SHAPES.

the surface of the

lity and reducing

12

In generating a voltage pillse, there are a number of parameters thst are

‘important in engineering, such as the peak value of the voltage and of

the current through the lo?d. These and other pulse shape parameters are

surrmarized in Fig. 3, and their determining factors, desc~ibed ir,greater

detail below, are shown in Fig. 4. One area of considerable interest is

the rate of rise of the voltage pul.s.eon the load Tr; the second area

Is the rate of fall of the voltage, called Tf. The required

smoothness .~f the top of the voltage pulse is determined by the load

characteristics. In the case of magnetrons, klystrcns, and similar

systems, this particular fluctuation of voltage and subsequent

fluctuation in current causes a tendency toward frequency pu?ling III the

d~vi Ce, and results in a time-varying RF spectrum from the system.

Now, rates of rise can be defined in ~ number of ways. For these

discussions, it will be defined as the time it takes the voltage to rise

from 10% to 90%, rather thar the e-foldlng time (i.e., the time it takes

the pulse at an amplitude level of l/e of its peak to fully fold back

upon itself to zero initial amplitude). The same applies to the fall

time. When the output switch is turned on, the voltage rate of rise Is

determined not only by the properties of the PCS, but a’,~oby those cf

the load, In the case of a magnetron or laser, until the voltage rises

to 50-60% of the peak value, the load Is almost an open circuit. The

slope of this voltage :urve at the beginning can therl ~~termine how the

current begins to rise through the systum and this can havz several

forms, depending upon the stray capacitances in the system antithe lo~d

impedance, For a magnetron or laser, when the thyratron is fir’, turned

on, the PCS discharges into an equivalent shunt capacity across the laset.
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electrodes or magnetron, in scr~es with rome equivalent series

inductance; this forms a series-nesonant circuit with some damping in the

equivalent inductance, allowing the output voltage to ring un rather

quickly to values well in excess of the storage element charging voltage

(overshoot ). Ififact, significarlt overvoltage can thus occur in these

types of systems, which is often of a considerable advantage in the

actual operation of a laser system but generally causes additional

insulation prohiems.

The falliilq charact~ristics of the pulse really depend uDon the way

in which ihe impedance of the l~ad varies with time. The discussion up

t; this point lias gerlerally assumed that there was a well-defined

resistive impecance acting as the load for the PCS. As the voltage

starts to decrease, for example, in the case of a magnetron, a point is

reached at sam voltage where suddenly the magnetron ceases to draw an:y

current and ths ?c~d !n the equivalent circuit for the PCS then becomes

the shunt st,~y capacitance in series with the loop inductance, L. This
i

resonant circu,. h~s an e~erqy cf 1/2 Liz st~red in this L at the

fTIOmentof current decay that can th,?n give rise Lo significant VOlt?itg9

ringing across the load, It is the damping of this ringing that is me

of the most awkward problems irlvery high rep-rate PCS design.

The pulse duration, ‘r, fcr our applications will be defined as the

duration of tilepulse at th’~90% of paak-pulse amplltude. Note that

there is a y for the c~r,w’: and for the voltage pulse, whic~, are often

significantly d,fferqnt.

Tt,evarious parameter~ that,can bo used to describe mwe~

conditioning sy,tems c~n now be sumnar!zed. l’h~fundamental parameter’s

for the voltage and current pulses were previously di<cussed, e.g., the

risetime and alsn t$e rate ctfrise o? voltage (of interest in the

formation of glow discharges In laserz and in ‘he tn!t.ial turn-on

conditions for 41~~tr?nr !ntimagnetrons) and arm Imlquo to each

particular applic~,tim. In the case of mwnetrons. f~r exam~ll!, the

~r has to be slmwr than J ;ritic~l value or a problem c,~lled “mode
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hopping” (a shift from one rf frequency to another during the time the

current is building up) arises.

The second area of interest is spiking. Spikes are a major problem,

even for relatively well-defined loads, such as the magnetrons and

klystrons, as well as fcr laser systems, because these can,give rise to

arcing in the system when the voltage stresses are too high. If, tao,

the current oscillations are excessively large, they can cause the

dischzrge in some laser loads to effectively quench as the current goes

do,inthrcugh zero. This produces a system in which the switch will try

to rrclose and will no longer be operating in the proper mode, gener~lly

c~,using the switch UI laser to arc and fault the systen.

The pulse flatness is of primary considerati~n in applications

requiring accurate voltage pulses for driving loads like Pockel ’s Cells

and other electro-optic light modulators. On the ether hand, t+is

flatness isn’t terribly important in many laser devices, which - ‘erally

tend to behave as constant-voltage loads, smoothing out these peaks. AS

long ~s the energy is deposited into the r~sistive phase of the discharge

in these systems (where the imoedance 1s roughly constant), there’s

gerlerally little advantage in efficiency for the applied voltage and

current to have perfectly flat pulse shapes, provided the applied voltage

is sufficieht?y above the threshold for efficient excitation laser

kinetics. T!lis.has been a point of some considerable discussion and

analytical worh in t?e case of the C02 lasers in the course of the last

few years. Work at LASL has shown that for an E-beam laser system ‘with ?

very carefully controlled rectangular voltage and current pulse shape

from the PCS into it, for which tne gain is measurecl in the medium, this

gain starts t~ grow up to some peak value above which deactivation

processes begin to dominate. In contrast, take, then, the area under

the power curve, which is some energy W deposited in the gas up to the

gain peak and then “=poslt the same energy In the same time, but without

a sophisticated, complicated network. Rather, what one US?S is Jn

inductor and a series capacitor; :0 then the energy is deposited in
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something like a sin
z

M fashion, and measurement and calculation

show that almost the saiflepeak gain is obtained as for the carefully

shaped flat pulse case. It’s a very interesting observation for laser

systems. As long as the energy is deposited into a constant-resistance

system (glow-discharge) and the applied voltage is above some critical

value,in general, it appears that one doesn’t have to be very

sophisticated dbout the pulse shape. This applies to systems primarily

where electron attachment and recombination are the dominant mode in

which the electron density decreases during this porriorl of the pulse.

In the case of some of the ultraviolet laser systems, that argument isn’t

quite valid. This explains why you can get away with so much in driving

most laser devices, in terms of pulse shape, and s;ill have a relatively

high efficiency, Whereas, ;n contrast, magnetrons and klystrons are very

pulse-shape dependent for eT’ficiericy,particularly for very large pulsed

klystrons.

There are three derived par~meters in pulse shape characteristics.

One is the duty factor, the ratio of the duration of the pulse to the

interperiod spacing, This is usually written as OF in most of the

texts. If you multiply that by 100, this gives the percentage of tins

during which a system is actively discharging energy. The duty factor

can be used to calculate the average power, which is basically the duty

factor times the peak power through the load per pulse, PPK. A

comment: that does not necessarily mean that that the tot~l energy

discharged into the lrad per pulse is usrful energy, It says that th~re
c t~lepower flowing into the lo~d arid r’~’.~is some type of time history c

all the energy, that was stored in the ~nergy st~rmaqe device h~s been

remo’~ed from the latter, The characteristic cf t’le lead device (;aser,

magnetron, or whate{’er) may be such that the input energy, beyorrd some

point, alters the load characteristics and all this energy that is t+e

flowing later on into the system (i.e., beyond this point in time) is

lost, so far as efficiency is concerned. This is a significant

difference from the PCS requirements of ypsterday. In the 1950s cne Oa(f

wel!-definsd loads, such as magnetrons and there were few efficiency::
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problems. The model of a magnetron fn this case was a resistor in series

with a reverse-biased diode, which-worked out quite accurately and

efficiencies for these systems were often ~reater than 70%. Today,

energy transfers in lasers are typically 20 to 50%. (That’s the ratio of

the energy stored in the PCS to the useful energy delivered into the

load.) This fact can often be cause for considerable concern. This

energy that is being delivered into the load that is useful energy and is

producing either photons or RF power or the other output characteristics

desired is often much less than the energy that is stored lfithe energy

stordge device of the PCS. Normally, this ratio is desired to be one.

For a number of new systems of considerable interest today, it’s much

less th~n one. Therefore, the overall system efficiency that was

formerly around 80% has decreased to 20-35%. When one c~nsiders devicss

where it is desired to put in hundreds of kilowatts of useable average

power, this means that the t~tal input power,must be on the order cf

megawatts. Another rea~on this Doint is becoming important is that a

number of the load interface considerations in previous systems now

change because there is a great deal of resistive power (Joule heating)

to dissipate in the load. One must transfer that thermal energy to

sorewhe~e else. This means either wasting energy in 4eating the gas

laser or load medium or wasting it in the load device generating, say, RF

radiation, giving rise to a very severe thermal load problem. If, for ‘

example, 70% is lost energy, at a megawatt of average power flowing inro

the system, there is, then, 70C kW of undesired power in the load, which

must be disposed of. It’s not useful. Such thermal loading can caus?

significant problems.

The peak pulse power”, ?Pk, is the product Of the vo~tage ilnd t}ld

current at the point at which P has a maximum value. ltor~
pk

sophisticated definitions can be generated because of load characteristic

shifts, but the convention s~qgested is that we look at P at !;Id
pk ‘

voltzge peak, then we look at Ppk
at the current peak, and define the

peak power to be the Iarqer number of the two.
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The energy WL is delivered into the load over the pulse duration,

but it may not be the same as the total energy d“ livered into the load,

w. That difference significantly affects, ther., .he efficiency of the

overall system.
.,

The Pulse Repetition Frequerlcy (PRF, cr sometimes Pulse Repetition

Rate - PRR) is a perfectly good parameter to use in systems that are

repetitive at a given frequency (i.e., there is a constant period of time

from one pulse to the next, say 100 pulses per second). There are some

difficulties when one considers, for example, modulators or pulsers with

pulse rep-rate agility. These are normally hard-tube (vacuum tube)

switched systems, where, upon commands into them a series of output

pulses is gen~-ated at this certain externally defined interpulse

spacinq, which can be varyifig all the time; as Iwel?, the pulse width of

the pulses callbe var~ing all the time according to some prs~+sposec!

computer prcgramm In that particular case, the concept of PRF doesr,’t

apr31y. .

We main problem in all of these powr conditioning systems is the

une of interpulse recovery Lo Lriepredischarge quiescent state. IF there

is some oost-discharge energy left in the PCS, oscillations czn ?rise in

the discharge loop, and SWitCheS stay on that shou!::’t firdcomponents

of:en subsequently become overstressed. What :S desired is to :-ecbarge

the energy storaae elements after all switches are f~lly recoverei.

The load be!’ j reproducible on every pulse means that the S~StyI

outpI;t pulse shapes are Derfeccly reproduceabl~ on every pulse. For

l~xal,lple,the impedanc~ w!th time might have a sP~Cific sh~~e, bUt ‘II

engineering a system to work a’.even a single shot, you a~sume t~~t this

does not vary from pulse to pulse. The next pulre that comes along,

then, varies the same way with time, providing that everything i~ charged

to the same voltage.

Conrcen+ in high-rep-rate iystems, particul,lrlv !~sers and scre !?i

tlJbes, this is not the case. A residli~l degr~e of iciniz~ticn is left.

inside the system so the impedanc~ prefile per pulse may ~vperience ~
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different time history until equilibrium is reached. That is an

important problem in very high rep-rate systems. In small, high-rep-rate

“magnetrons, or in klystrons, thir does happen, but to a lesser de; u?.

In that particular case this is primarily a result cf the space-charge

saturation limitation in the cathode rsgion. As you come up to cathode

operating temperatures from start-up, there’s a small shift of the

available charge per pulse available from the cathode. The time-history

of impedance, then, changes slightly. It is meaningful to emphasize this

point because, in a number of the systems under consideration now, this

will become a significant factor in PCS design for high-efficiel’cy of

energy transfer. In C02 TEA lasers operating at multiki lohertz

rep-rates, this particular impedance pulse shape is primari?y determine

by a combination of gas heating combined with the effects of residua~,

interpulse, ionization left in the system. Then it is necessary to

choose which is the most efficient load profile ~n time to match int~ f~r

maximum output energy for the specific experiment under consideration.

If a very long orerating time is not requ!red, one cou!d choose the

start-up load imr jance, bljt ,, long runs are needed at maximum

efficiency it W4 I be necessary to utilize a pulse-forming network tfi~!

will maximize the energy transfer into the system at the equilibrium

impedance level.

These, thefi, are some of the different types of loads often found

connected to PCS.. A surrfnaryof their characteristics is presented in

Fig. 5. Pure resistive, capacitive, and inductive loads are rel~tivel;J

straightforward to handle. The diode magnetron, on the other hand, has

an equivalent circuit of a reversed btased diode th~t t~rns on at S:TQ

standard voltage. When it turns on, then t~levoltJge-c’~rve is almost

flat with time. The dynamic Impedance Is quite low, basically like t~?t

of a glow-discharge, constant-voltage device.

In a magnetron the dynamic (slope) impedance is about a tenth the

static value at the operating point. In the c~se of lasprs, there i~

generally a ;omhlnatirn of this load behavior, with A time-v,~rviflq
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component in the impedance. Fig. 5 shows a rough sketch of what the

impedance with time looks like for an attachment.dominat~d excimer laser

s’~stem(e.g., KrF*, XeCl*, or XeF*). Evidently, the impedance decreases

dramatically with time, but if one could put most of the energy into the

system at times when the field intensity is sufficiently high for

efficient pumping, then the laser system would work well and with high

efficiency. Unfortunately, when this is attempted, a point is reached

later in pumping time where the system arcs Internally. This is normally

caused by a thermally-induced instability. In terms of load classes, one

of the most difficult, than, is the attachment-dominated laser discharge,

which also happens to be rather interesting as an optical radiation

source. In the copper vapor laser, for example, the impedance-with-time

curve is somewhat shallower and altews dramatically as the rep-rate is

increased. (The copper vapor laser is d longitudinal, abnormal glow

aischarge exci!.ed with ring electrodes, one at each end of a csramic

tube.) Closing the switch in the PCS generates a voltage pulse that

initiates a disch~rge, dumping the energy stared in a relatively small

capacitor into the discharge tube at a rep-rate of up to 25 2Hz. 8y

keeping the energy per pulse sufficiently small it is possible to obtain

?.uniform, longitudinal discharge. Unfortunately, as the rep-rate is

increased even farther, themal instabilities and kinetic effects

constrict the discharge, raising the current, and increasing the drop 1~

impedance with time, reducing the system efficiency.

The fourth class is formed by time-varyinq loads. Dispersive loads

chanq~ the!r permeability or dielectric constants with time, as energy Is

deposited lntu them. An example is a shock-excited fwrite transmlrti’~n

I!ne (P.g,, a coaxial transm~stinn line with the center conductor CCVP!II-!

by a ferrite material, ) @riving the line could he a capacitor with {

switch connncted to the line input. ~lo5fng the switch startS e!l~rq.Y

flowing down the line saturfiting the ~errtte and steepening th~ risinn

edae of th(?voltage pIulse as the wave $ront progresses down the ~lrle, A<

the f~rrite s,ltl]rates,J ~harp~sning of the pulse is found, The

st~~rp,snlngis caused by tht?expenditure of enwqy in s~turtatinq thl+
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ferrite. Once the ferrite Is saturated, the permeability is one and,

since the dielectric constant is rather ‘OW (12-15), the balance of the

foreshortened pulse travels down ~ much higher impedance line. For more

details of this, Martin Maley wrote a report on the subject. In a sense,

such systems can be represented by lumped-element transmission lines,

where the L and the C per unit length are time varying. This is a

nonlinear problem and can be numerically solved with iterative solutlons

to Vaxwell’s equations. There is no analytical solution to the P! :lem.

With these systems, it has been fairly straightforward to generate pulses

of 5-10 kV with risetimes of 1-2 ns. With more optimal ferrite

materials, one mdy be able to reach 100 to 200 ps risetimes.

Unfortunately, there are serious reflection problems in these systms,

making the generation of very accurate pulses a difficult and empirical

decign matter. This is very good technique for generating a very sharp

pulse ~t the end of a coaxial cable.

Another type of load is the “spark discharge” used as a radiation

source for short wave-length UV spectroscopy. Basically, the spark

discharge is a point optical source and it is excited by a switch

discharging a charged, single-wire transmission line into the sp~rk

load, As t$e line cap~citance is discharged, a wave is launched along

this line (of about 150 ohms impedance) prokiding the prompt en~rgy for

the spark discharge durin~l the two-way transit time or the line. The

spark

1aser

arcing

Optics

lamps,

s not a linear load with time ~nd benaves similarly to the excimer

@ads discussed above, The difference in this case Is thzt the

point is at the spark turn-on and it (S ;.his arc that provides t!l(?

radi~tion source. The l,lst,~re~ i~ $iqh-ores$(jre dischal-~e

CX or wise for dri~inq glr~ss l~sers and uh’process cul’i~~qldlnP$,

Hg discharge l,~mpsand ot!ler \(Jchsystems, and these ar~ operdteci in :hu

glow (cw) or abrlorinalglow (pulsed) mode, all as optical radiatl~n

Sout”cesc
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Ignftrons are a much maligned switch, generally ideal for crowbar

applications. There are modest rep-rate applications (< 100 Hz) at low

energies requlrlng an Inexpensive switch that can handle substantial

current reversal. This is a good application for ignitrons. One problem

wit? them is the rather sophisticated trigger generators needed for

reliable triggering. Normally, about a joule per pulse must be dumped

Into the Igniter, basically through a constant-current source, causing

some heating problems at high rep-rates.

The internal PCS Impedance selected depends primarily upon thrss

parameters: the load Impedance time history, the peak power level (all~

concomitant useful energ,y), and, thirdly, the pr]ctical considerations in

selecting available circuit elements, Capacitors for low rep-rates !re

readily available. For high rep rates (~ lkHz), low-inductance,

high-energy, long-life capacitors are not yet here, For fast discharqss

(:~~ ns) c~Pacitors generally behave as transmission lines. The

liquid-impregnated, insulating-film capac!t~r is made of sections of

paper, plastic film, and foil wrapped up with connections on e!the~ end,

At the self-resonant frequency this is a parallel-plate transmissil line

with a surge Impedance of a fractirtn of an ohm. 171scharging this

capacitor into a short circuit, the llmiting transmission line dischar~~

time fOr almOSt all such capacitors becomes ~lJ’] ns, T+e only way to

make faster d{scharge capacitors Is to develop cap~cltcr geometries (Jr

new types

times. S<

developed

operation

of energy storaqe devices with shorter +nternal disch~rge

ngle-shot assembles with dlsch~rge times of dCI.50 nS havp b+:rl

but are presently unsuitable for htg!-repetiti~r-rat~
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‘here ar~ two categories of power conditioning systems, as shown in

Fig. 5:

.

1. Ones in which a small amount of energy is dumped from the storage

device into the load. These are generally hard-tube power

conditioning systems, series vacuum tube switches, crowbar storage

devices, and mechanical power conditioning systems, like the

compulsator. The advantage of these devices is that they generally

utilize an analog switch element, so you can, if desired, mcdulate

the energy flow into fixed znd time-varying load impedances as a

function of time. Note that the X-ray flux from the high vacuum

systems at the 30 kV level and above can he quite considerable.

2, The second :lass is one in which all the stored energy is

tranf,ferred int~ the load every pulse. These are line-type power

ng systems, 31umlein generators, Marx banks, etc.

a Swi+-$ is closed during discharge and opened during tbe

recharge time (Fig. 7). During the recharge period, a closed switch

would then short the charging system. The required characteristics of

that.switch then depend on whlutllrrall the stored en~rgy Is dumped into

tbe load in each pulse. If one needs to ?ransfer all tke energy out of

the storage system, at a col]stant output voltage for a predetermined

period of time, a transmission line or a pulse-forming network needs to



P(XTIERCONDITIONING

A) THOSE IN WHICH STORED ENERGY

E.G., HARD-TUBE PCS, CROWBAR

CATEGORIESOR CLASSES

.

]s ~Af/TIALLy TRANSFERRED EACH PULSE:

STORAGE BANKS, MECHANICAL PCS,

-- ~ENERALLY REGUIRE AN ANALOG SWITCH ELEMENT.

B) THOSE IN WHICH ALL STORED ENERGY IS TRANSFERRED EACH PULSE:

E.G., LINE-TYPE PCS, BLUMLEIN SYSTEMS, MARX BANKS,

FIG. 6



StiITC!iES

GENERALLY A SWITCH [S CLOSED DURING THE DISCHARGE AND OPEN DURING THE

RECHARGE TIME.

WITCH

ENERGY

STORAGE
LOAD

SWITCH CHARACTERISTICS DEPEND UPON WHETHER OR NOT ALL THE STORED ENERGY

IS TRANSFERRED PER PULSE.

NOTE : PULSE SHAPING IS NECESSARY IN MOST DISCHARGE C’RCUITS WHERE ALL

THE STORED ENERGY IS T3 BE TRANSFERRED PER PULSE,

[1OTE ON CHARGIHG: SINCE THE INTE3PULSE PERIOD IS MUCH LONGER THAN THE

DISCHARGE T[ME, IN GENERAL THE DISCHARGE CIRCUIT CAN BE LOGICALLY

DISCUSSED SEPARATELY FROM THE CHARGING CIRCUIT,

FIG.7

Iw
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be employed as the energy-stcrage device. Since the recharge tim~ is

almost al;ays much longer tliii~ the discharge time, the discussion of the

discharge part can be separated from that ot the charging circuit. 75!s

approximation is not verv

vapor laser with Its 25-3(

fraction of a micr~second

On that time frame, there

the switch turned off durn

good, however, for systems such as the copper

kHz operation -- the discharge time Is a

and the recharge time is a microsecond or so.

are many other problems, particularly keeping

ng the recharge. “

4. Pc CONDITIONING SYSTEMS: HARD-TUBE AND LINE-TYPES

Hard-tube power condltiorllngsystems are sti?l alive and well. They

are very useful in relatively small, low-volts;. (<200 kV) syst~ms. In

a hard-tube PCS (Fig. S), a large energy-storage capacitor is charged

from a DC supply through ar isolating element. The capacitor !s

connected to the load by a switch. If the switch is closed, energy is

discharged into the load, and the isolating el~ment serves to prevent the

DC supply from discharging into the discharging circtilt loop as well.

The switch, however, opens *.osee almost the full potential of the DC

power supply, since, for qood voltage regulation, only a small portim of

the stored energy is discharged into the load on each pulse. The switch

generally then needs to be a high-vacuum tube or a vacuum inte*rlJpter.

Hard-tube power conditlontllg systems are commonly USN! today in t6r?

region of a few kilovolts at rubnafrosecond ris~times. They have a great

advantage in terms of pulse-width agility and rep-pate control, At Viq!l

rep-rates they are very useful snd the drive r~auirements are not

severe. The real advant~ge; o’- the hard-tiJbe PC\ ar~ till?v,~ri.~,~l~?p:”;e

width and the hi~~l PRF c~pi~uilitles ~!tmod~st eff’ci~~:lci[?s.L l:”g~

hard-’.ube power conditioning systems (1990 A flt200 L.V)exist. At t}leje

high voltages, the ~witchlng time is rather long and the cost.can b~’vwy

higl) Indeed. They cannot qm?rally be r~plact?d with thyratrons,

iqnitrons, or spart IJIIPSin these appllcatiuns. On the other h~nd, !+ev

have limited di/dt ct~pah{litv bec(lus~ the v~cuum tulles$Jve a satliratll)n

r~sist~nce of a few hunc!rd OIIHWI$!Ind that m’ii$t.tlrlc’s I imlts tb c~l,~r’lirl(d



HARDTUBE P!BIER COND!T1(N~J.::SYSTE:IS

Charging Discharging
Circuit Circuit

*

Energy 1
Storage:

+
a
I LOAD

Switch
\

T

,
●

GENERALLY, ENERGY IS STORED IN A LARGE CAPACITOR AND ONLY A SMALL FRACTION

OF THIS ENERGY IS TRANSFERRED “(O THE LOA2 PER PULSE,

-- THE SWITCH MUST HAVE VERY GOOD RECOVERY CHARACTERJSTICS AS WELL AS HOLD-

OFF CHARACTERISTICS: E-G., VACUUM TUBE,

NOTE : PULSE TAILORING CAN READILY BE PROVIDED WHEN USING A VACUUM TUBE

slNcE THE GRID CONTROLS THE TUBE RESISTANCE.

FIG,8



POWER CONDITIONINGSYSTEMS LECTURE 1

rate of whatever stray capacitances there are across the load. Their

efficiency i~ nowhere near that of

Line-type pulsers are quite d

stored in a continuous or lumped-e’

called an artificial transmission

this is the energy-storage element

the line-type pulser (see Fig. 9).

30

fferent (Fig. 10). The energy is

ement transmission line, sometimes

ine in the lumped-element case. S,n~e

during the pulse discharge as well as

the pulse shaper, the general designation of “Pu;se-Fcrming Network,”

PFN, was coined by someone during WWII.

or

There are two main classes of line-type pulsers: voltage fed a15

current fed. In the case of the voltage-fed pulser, the energy, We, is

st~red in the total capacitance of the transmis~ton line or ?FN (ti~=

1/2 CV2,
.

where C Is the total RFN capacitance and V is the charge

voltage). In the case of current-fed systems, a current is pla$ed into

the pulse-forming networt and at the peak current value, 1/2 Li~k of

energy is stored in the system. On the charging side is a closed saries

switch that can be opened at that point. As soon as the switch opms :!

m~st withstand the full discharge voltage.

There are two general classes of voltage-fed line-type PCS (Fig.

11]. The first is a continuous transmission line that is char~ed frcm a

voltage source. It has a switch at one end, and, when the l!ne is

charged to voltage V, the switch is closed, discharge!’, the energy s:>v:L!

in the transmission line into the load. If the load impedance equals t$e

lime impedance then VL= 1/2 V. Gn the right side ~f Fig. !1 is

$k+tched a time h{st~ry of a typical char?e and discharae cycle. The.

ener~y storage system is charged to the voltage V ~ith a charging

netwcrk. At the peak voltage, V, the switch is clared ~nd pulse of

enerqy flows out of the system and into the load, The pulse length is

twice the me-way transit-time value of the continuous transmission ?ine o

and all tne stored energy is transferee to the load. That’s for 3

matchd $y~t.e~.



CHARACTERJSTICSOF
HARD TUBE POWER CONDITIOIIIIIGSYSTEMS

AQwmGEs
VERY HIGH PRF AS WELL AS APER1ODIC OPERATION POSSJBLE,

PULSE TAILORING,

RAPID FAULT CLEARING,

DMMAtuMfi:
LIMITED D1/DT CAPABILITY BECAUSE OF RATHER HIGH TUBE-ON RESISTANCES

(’IO!IQ).
COST GENERALLY VERY HIGH c(~flPARED TO OTHER PCS,

FIG. 9



LliiE TYPE POWERCONDITION1NGSYSTEMS

1, THE EilERGY IS STORED IN A CONTINUOUS OR LUMPED ELEMENT (I,E,, “ARTIFICIAL”)

TRANSMISSION LINE,

- SINCE THIS SERVES AS THE ENERGY STORAGE ELEMENT DURING THE DISCHARGE

PULSE AS WELL AS THE PULSE SHAPING ELEMENT, THE 6ENERAL DESIGNATION IS:

“PULSE FORMING HETWORK” OR “PFN”

THERE ARE TWO CLASSES:

VOLTAGE FED

CLOSING SWITCH USED

CURRENT FED

0PEN1NC% SWITCH USED



JYPFS

VOLTAGE FED LINE TYPE POWER CONDITIONINGSYSTEMS

Transmission Line Switch m

4~ ‘“- Load 1

0 1 I
.

Lumped Element v
Transmission Line Load

“PFH” o I

ihLEs:

w = + CV2
e

WHERE C 1S TOTAL LINE CAPACITANCE

AND V IS THE PEAK CHARGE VOLTAGE,

1 switch

K

closes
i

v I

v,Lh-

1. PFN CONS I STC) OF A N~JMBER OF CAPAC lTORS, C,AND INDUCTORS, L. AS LUMPED

CIRCUIT ELEMENTS:
TYPE E PFN: -~m =

7 VALUES ANL NUMBER OF ELEMENTS IN P!+ DEPEND UPON THE:-.

A) DESIRED PULSE SHAPE “

B) LOAD IMPEDANCE

c) COMPONENT AVAILABILITY

3. ‘JHEFJZLOAD= ZPFN(PRZ,~liE)THERE IS MAXIMUM ENERGY TRANSFER aND EFFICIENCY,

ASSUMING A “PERFECT” SWITCH ;S USED, OTHERWISE SOHE ENERGY 1S LEFT IN THE

pj+~ AT THE END OF THE D1scHARGE TINE OF THE PFllCAUSING PROBLEHS IF THE

HISSMATCH 1S SEVERE; E.G., SWITCH REC@/ERy, FAULTING, I.OAD ARCS,
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The second-class of ?Ine-type PCS uses a pulse-forming network

comprised of a number of lumped elements of inductances and capacitors.
?nd a type E network is shown for illustration in Fig. 11. The designer

chooses, basically, the L and C for the given load impedance and a numbs~

of sections in the line depending on the pulse fidelity required. tiit?

only one section, an L-C discharge network is formed. As more sections

are added, the second begins to discharge Into the load concurrently with

the first section and a more rectangular pulse is formed in the load.

‘H’lthfive or six sections, good pulse fidelities with ripples of about

~-5% arepossible. Coupling between the inductances is passlble and som

?FNs, such as tfieType E, are buiit that way. In this case, the

different sections communicate in the flow of energy. some classes 5f

time-varying ,oads can be accomnodatzd by the addition of addit” ‘na~

coupling inductors between elements of the lines. These inductors are

generally saturating inductors with ferrite cores. years ago, there W2S

same work done in far infrared laser driver systems using that particul:~

~ode of operati~n. Such a direct electron ~umped far-infrared laser

Taintains high conversion efficiency as long as the voltage across the

11’sw load exceeds a critical value, To keep the electron :emDerature

high, elements were chosen depending upon the laser impedance time

history and component availabi!!ty to preserve a rectangular vc;:age

pulse shape. .

It is intended that we will spend a significant amount ~f time

discussing the current state-of-the-art in components, as they repres?:’+

the major limiting factors in the technology Ease of ~CS, nart;cu;ar~y I:

high repetition rates and long lifetimes.
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The second-class of line-type PCS uses a pulse-forming network

comprised of a number of lumped elements of inductances and capacitors

and a type E network is shown for illustration in Fig. 11. The designer

chooses, basically, the L and C for the given load impedance and a number

of sections In the line depending on the pulse fidellty required. ‘Wit5

only one section, an L-C discharge network is formed. As more sections

are added, the second begins to discharge into the load concurrently with

the first section and a more rectangular pulse Is formed In the” load.

With five or SIX sections, good pulse fidelities with ripples of about

4-5% are possible. Coupling between the inductances is possible and some

PFNs, such as the Type E, are built that way. In this case, the

different sections communicate in the flew of energy, Some classes ~f

time-varying loads can be accmnodated by the addition of addit’>nal

coupling inductors between elements of the lines. These Inductors are

generally saturating inductors with ferrite cores. Years ago, there was

some work done in far infrared laser driver systems using that particular

mode of operation. Such a direct electron pumped far-infrar~d lasei-

maintalns high conversion efficiency as long as the voltage across the

laser load exceeds a crltlcal value. To keep the electron temperature

high, elements were chosen depend!ng upon the laser impedance time

history and component availability to preserve a rectang~llar vo;;age

pulse shape.

It Is Intended that we will spend a significant amount of time

dlscuss{ng the current state-of-the-art in components, as they represent

the major llmlting factors In the technology base of PCS, ~art!cularly at

high repetltlm rates and long lifetimes.
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Current-fed power conditioning systems will see considerable use in

the future as improved opening switches become available. In a

current-fed PCS, In contrast to a voltage-fed pulser, the switch closes

to allow current to flow through the battery (VDC) to the energy

storage (Fig. 12). When the peak current is reached the switch opens and

a negative pulse is generated across the load. The switch then

experiences a very large voltage across It. Many current-fed power

conditioning systems In small modulators are formed with relatively fast

swltchlng transistors, and they can be used to generate relatively

high-voltage pulses with modest charging voltages. An inductor can be

put in series with a transistor with a transmission line or capacitor

across it. When the transistor is turned off the energy stored in :Ile

Inductor collapses and generates a voltage spike, which is useful for

voltage multiplication. There are some very useful circuits in

Electronics Deslqn for

The pulse length,

characteristics of the

voltage multiplying using this technique,

then, IS forced to be determined by the

ener~y-storage device. Either a capacitor or a

current-fed transmission Ilne can be used. The latter has been St’Jd~l?d

extensively by a student of Tom Burkes’ over at Texas Tech. Provijf)d

that the switch technology can be Improved, this particular approdcrl mqy

be of some VallJe In the IO-SO kV region. At peak current, t~e switc+ is

opened and conservation of energy gives a voltaae across tbc load

Impedance equal to the peak charge current times the load impedance ov~~-

2, But, aga~n, a major problem Is switch recovery. ‘There is anot!le-

problem, in that when analysis of this sort of circuit Is done, it !s

iissumed thdt the switch ~s an Ideal swlt:?. In t’.~ct,what is c)~m?’lJ

USed {n th!s type of ci’-cuit is either ~ fist trln’~i$?r~, a 5@+”~I?~



CURRENT FED POliE!lCOW)ITIO?4ING SYSTEMS

CHARGINGCiRCUIT DISCM4RGING CIRCUIT

Yi OTES:

1) THE CURRENT BUILDS UP IN THE INDUCTANCE OF THE ENERGY STORAGE ELEMENT

~TRAHSilISSION LINE, PrN, OR ‘._.7ANSFORIIER)o

2) IfT THE PEAK CURRENT, THE SWITCH IS OPENED AND A HIGH VCLTAGE, VL, APPEARS

ACROSS THE LOAD,

z
V~ =+ “ ich3[pEAKVALUE] : FOR MATCHED lMPEDAdCES

b

3) THE SWITCH MUST RECOVFR VERY QUICKLY TO HOLD OFF THE PEAK LOAD VgLTAGE,

FIG, 1?
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high-vacuum tube, or a vacuum interrupter. The equivalent resistance of

the device increases as the current throtigh it increases; in some cases,

a nonline~r increase {s found, increasing the charging losses. One other

type of switch technique Is to use J forced-conrnutation thyratron switch

or a vacuum current interrupter. An auxiliary circuit can be placed

across the switch, then discharged through the switch at the point of

peak :harging current so that the switch carries no net current and the

switch then rapidly recovers. This is a method of turning off a switch

that normally only recovers

5. IMPEDANCE MATCHI!IG

at ze?o current.

Matching the load Impedance to the pulse-fermi ng-retwork impedance

is done primarily to obtain maximum power transfer (Fig. 13). The

dis2dv3ntageB of course, Is that only half the charging voltage is

obtsined, If the pulse-forming network is charged to 100 kV, only a

50-kV pulse i~ generated with typical efficiencies of 80-90%. The otk,er

point is that if the load and PFN impedances are not equal, reflecti~ns

between the load and the PFN occur at the end of the discharge period of

the PFN, If the load Impedance is lower than the PFN impedancu, a

current reflection follows and the current flow continue> on for a long,

long time fn an oscillatory manner. If the load Impedance Is larger than

the PFN Impedance, the load voltage, VL is V/2 for the d<scharge time,

T, and, depending upon the ruflcction coef’lclent (related to the ratio

between the load impedance and the pFN Impedance), a number o: steps in

the voltage pulse as a funct’on of time can occur. Each step ‘s ~

second~ long. This points out one of the nroblems ~h+I) ,’J ?-!:

impetar)ce is much higher than thf?PFN impedr!nc$?tnaw~lj th,ltth~?!.fi’;

current flowing through the switch for a relatively lonq period of tirn~.

It’s a unidirectional current, but takes a long time to dle away, In

such a case, switches such as spark gaps can rever( from an at-ct,ca alo~~

and stay lit llke a Ilqht bulb with mill lamps of cur!’nt throu~~hlthel,

Th? ~ctual power put into the switch c~n, o~erittinq unll~r thesu

cundltionz, De very slgnific.lrlt. Tl)is IS J strong arqument f~~Iitr<vifl(]t-’



1.

2.

<-m

4.

IHPEDANCEM4TCHINGOF

~~~ARLy~TcH~D IMPEDANCES

A) MAXIMUH EFFICIENCY

B) PULSE SHAPE FiDELITY

POHERCONDITIONINGSYSTEMSTO THEIRLOADS

ARE REQUIRED FOR

C) MIH:MLJPl POST-DISCHARGE VOLTAGE STRESSES ON SWITCH AND PFN,

IF Z = Z (t) THEN THERE ARE PROBLEMS IN OBTAINING HIGH EFFICIENCIES.

lHPEDANCE INcREAsEs ARE OFTEN HANDLED BY PULSE TRANSFORMERS. “

PRESENCE OF MANY J() OHM COAXIAL CABLES TENDED TO MAKE THIS IMPEDANCE

AN OFTEN-USED ONE FOR THE PFN,

FORVOLTAGE-FED NETWORKS, THE VOLT’”E, UNDER HATCHED CONDITIONS, DECAYS TO

ZERO AT THE END OF’ THE PULSE,

- VERY GOOD SWITCH IS ONE THAT RECOVERS AT ZERO CURRENT AND NEAR ZERO VOLTAGE,

E.G., SPARK GAP, IGNFTRON, THYRATRON, SCR,

- THE RECCVERY CHARACTERISTICS OF THIS SWITC:i ALSO DETERMINE ~

EXCLUSIVELY THE NATURE OF THE INTERFACE TO THE CHARGING SYSTEM,

FIG. 13
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match or slightly undermatch

impedance,

If the load Impedance is

impedance, the post-d~scharge

LECTURE 1

(ZL ~ ZPFN) the load to the PFN

!ess than the pulse-forming-network

voltage pulse oscillates about zero. Then,

the unidirectional switch turns off at the first voltage zero. A problem

occurs if the load happens to short, generating a very large voltage

reflection, ‘en excc?ding the switch-recovery voltage, thus causing it

to fault unless a voltage-limiting network immediately shunts the energy

away from the switch. A second class of problem arises when the load

impedance is variable with time. A time-v~rying load impedance can move

the ooerating point from a matched re~in~ tc unmatched zs the t~me

inc: :ses. This is particularly true in the case of lasers. It is also

true in some high-current density discharge lamps. SO, matching isn’t

really then practical: depositing the maximum amount of energy inta tha

system in the relevant time frame is the most efficient approach. I11

terms of designing for this regime of operation, it is far easier beczuse

of the voltage reversal across the switch, in the lattsr case. T4is is

in contrast to the case ZL ~ ZPFNwhere a small unidirectional

current is

The switch

regime and

tcI !nhibit

flowing through the switch for a very long period of tim~.

star:s trying to recover in the zero current and zero voltage

any small oscillations in the pulse-charging system will tend

this recovery. If the switch detects any a~~reciable positive

voltage near the zero of current, it will not recover, faulting on and

dumping the high-voltage power supply during recharge. This regime of

oper3tion was formerly referred to as “poslt~ve mlsmatc~.” It wds a

favorite of many of the MwII1 radsr mod~il~t~r te~i:’’b’.tand ‘s total’:’

unnecessary today w;th the availability of mode-n in’:erse-volt?qe-i:,?ntr~1

networks and considerably increased thyratron inverse-voltage t-~tinq~ {LID

to -20 kV)o

There were a number of applications, In the nlid l~50s, wher

relatively high voltages in the re~ion of 100 kV or JOC kV were needed At

tens to hun~reds of amps P~ah for ~lr~vlng 1~1”’~eklYs~!a~lls. .(K1/5tr13n\
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needed physical iength to accelerate the electrons vs the available

electrical stress that the system permitted (electrical stress inside the

system).) At that time, mcbt switch tubes (thyratrons, ignitrorls)were

llmited to 20-30 kV. The vc tage thus had to be increased with a pulse

transformer, The transformer technology for 1-5 microsecond pulse

lengths is relatively well-established if the risetimes are on the order

of fractions of a microsecond. Wheil sub-hundred-nanosecond risetimes at

significant average power levels are required, efficient design becomes

very difficult. (k’itha sacrifice in efficiency, 20-30 ns risetimes are

possible, but these are very sophisticated transformers with poor energy

transfer (about 20-30%).) Few transformers are known that can handle

significant energies at such riset{mes: one i’ a special version of a

transformer developed by Gerry Rohwein at Sandia. It is a very low

leakage tape-wound air-core transformer. The other /as proposed by ~C~,

to drive a very large load and to pr~duce a quarter of a megavolt wit!I an

extremely fast risetime, at an average power af 30 megawatts. The

primari~s and secondaries were relatively thin copper foil and water

flowed through the copper foil, which WPS edge graded to prevent

significant corona. The intenfion was to discharge 300 individual PCS

into the pr!mary of that transformer.

Pulse transformers were used so much in modulator design because

they were stra~qhtforward to design at the 50-ohm primary impedance

level. Fifty ohms was chosel, so the story qoes, bec~use there was

50-ohm cdble. This cable existed because It was dete~mined !n the 19~Os

that working at the 50-ohm level qave you the biqhest available str~ss in

the cab

eas,vto

cd
For most PCS applications, air-gap dielectrics II-Qnot practical. In th~?

c~se of rubber d!qlectric cabl~s, there ,lr~swious heat!ny nrobl~’ms in

short-puls~-length, hi~h-repet!!i[jn-t.llteapplications, Rubbm is not 1
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good high-frequency insulator as it has considerable loss. In terms of

nhysical flexibility and mechanical lifetime rubber is still the best

choice for general-purpose applications, with a design lifetime of many

years at a modest PRF. Polyethylene cable, on the ct$er hand, is rather

m~re fragile. It tends to have microbubbles filled with easily ionized

water vapor In it. If these bubbles are undisturbed, they cause no

damage. If the bubbles ~rack they propagate and intarnal treeing and

shorts devnlop.

In the case of the matched load, maximum energy transfer and

efficiencies are possible, given a perfect swit~h (Fig. 13). However,

very few switches are anywhere near derfect. An imperfect switch ch~nqss

a linear circuit’to a time-varying one. Spark gaps initiaily turn-on ~s

high-value roslstrrs, but the resistance decreases dramatically with

time, and, as an arc column then forms, it expands or contracts with t9e

i:urrent and acts then as an induct~r. A switch, then, can be a n~llirlear

element in the PCS. For short-discharge time, low-inductanc~ systems,

switch-limited pulse lengths are on the order of 20-100 ns fw ,

single-chcln~l devices (thyratrons, spark gaps, etc.). The switches then

become limiting components of the system. The dlternate approach is t~

use a multi-channel spa k gap or the very l~rge-d

currently under development.

If the switch isn’t perfect and even if the

schargs area thyrltrons

nad i%pedance is

matched to the generator ?mpedance, sonleenergy ir ldft over at the enfi

of the discharge pulse, and this can rause oscill.ltlons irlthe system ,lnl!

give rise to switch-recovery nrcblems. In other ~~r:i~, when yell tbl{n~

yoIihave zero cu~rent throuq+ the swit-h yn~l P’”!AV !nn’?,,
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SINCE:

1. SW!TCH IS AN OPEN CIRCUIT DURING CHARGING OF THE PFN OR TRANSMISSION LINE

2, THE CHARGIfiG TIME IS MUCH LONGER THAN THE DISCHARGE TIME

THEN:

THE CliARGING SYSTEM CAN BE TREATED AS PL.4CING CHARGE ONTO THE LINE/PFN

TOTAL TERMINAL-TO-TERMINAL CAPACITANCE, C,

lSCIATIN G FiF~:

10 kSISTIVE: ~a’a CHARGING INDUCTOR

7-m
‘;lDucTivE’+HARG*NG “0”’
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\
switch Is open, a charge, q, is placed on the transmission line, charging

up the total line capacitance, C to voltage V. There are now a number of

choices fcr isolating elements. For a resistive-isolating element,

generally used in single shot PCS, the energy-transfer efficiency is

always50%or less. In the case of an inductive isolating element of

inductance L, the capacitor and inductor form a resonant circuit, an~i,at

the point of zero current through the charging looP, the charge voltage

is equal to twice thtiDC voltage on the battery. The time for this tc’
roccur is fiLC , and the energy-transfer efficiency is very close to

100%. Most of the losses are resistive losses in the charging ind’lctorh

and they can be made relatively small, with wall-plug efficiencies of

70-89% possible in the PCS. If the period is chosen to be equal to the

above time, this is called the resonant charging configuratim, in which

the dischargs switch is turned on exactly at the zero-charging-current

point. TIIwork at other repetiti~n r~tes, one may insert a blocking or

charging diode in the charging loop. Once the volt~ge has come up to

2VDC* the current goes to zero, the voltage across the inductor

col:apsas, the diode is reverse biased, and the 2V remains on the ~CN
DC -1

to be discharged at will at any r~D rate up to (:~C) . If this

rep-rate is exceeded, there will be some DC current flowinq through that

chote at all times; that causes heating problems in choke design. As

well, thew is a iletDC current through the discharge loop at all times

and the rate at which the voltage is reappli~d to the switch and

transmission lins is quite a bit faster than in the resonant case.

Switch recovery problems then emerge. Opera~.ingat these rep-ratez i:

called linear charg:ngo This had some advantages in e~rly modulatgr

design, but is not very useful today.

Const~nt current or power charging systems use a high-frequency

inverter (usually a push-pull type) wit!l a rectifier bridge (Fig. 15).

The OC current, fed through an isol~tinq inductor, charges the

pulte-fnrming networt and a cln$ed-loop feedbaci systcm is ~’sed tu



OTHER

.%) LONTTABT CUUFNT OR PQJm1-

CHA!JGIMSYSTEMS

!ki LIZES HIGH FREf2!;ENCY lNVERTER/RECTIFIER WITH CLOSEll LOOP FEEDBACK:

LEVELS UP TO 1 KJ/SEC CAN BE BOUGHT

CAN ALSO USE A SERIES REGULATING sATURABLE REACTOR IN THE TRANSFORMER

PRIIs!ARY OF A NORMAL DC SUPP1.Y,

~) CO/lM,4?JLI :H~Ru!j

USES A SERIES SWITCH, EITI{ER VACUUM TUBE, lGNITRON, OR THYRATRON, TO

CONNECT A RESONANT CHA!W[NG NETWORK TO T!!E DC SUPPLY RESERVOIR CAPACITOR,

- ALLOWS MAIN PCS SWiTCH TO FULLY RECOVER BEFORE CHARGJNG VOLTAGE IS

APPLIED,

C) ,~!_~mMT CHAR GING

SATISFACTORY IF PRF IS LESS THAN TWICE THE AC FREQUENCY.

TROUBLESOME FAULT MODES ARD LITTLE PRF AGILITY LIMIT APPLICABILITY,

LOWEST COST CHARGING SYSTEM AS ONLY A TRANSFORMER AND POSSIBLY SOME

DICfiES ARE REWIRED,

FIG, 15
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control the frequency of tbe inverter. Frequency regu?aticn thus

provic!e$ very accurate charging currents, and essentially very accurate

voltages 5.7 the PFN. Charging units UP to the order of a kilojoule per
.

second can be bought as commercial units. They’re small devices, but

expensive.

%

Alternatively, in constant-current charging systems, a magnetic

regulator can be used in series with the primary of the power supply

trznsforxer. For single-shot work this was often used in some of the

charging networks for fusion PCS. The current is controlled thr~ugh the

primary, charging the capacitor bank through an isolating net’iiark,and

the bank final voltage can be held tc a very accurate level. The othsr

resl advantage to this system is that, when it is first turned on, tha

peak current through the system is rather low, The equiv~lent circuit is

then a m:i’gneticregulator in series with the?high-voltage trznsformev,

feedinn a solid-state diode and a series resistnr that connects the power

to the cap~citor bank. With the magnetic req~latar in the prind:-y, a

hi~h s~riss impedance at turn-on is obtained, much larger th~n the

reflected load imped,~ncs, so the current flow is wry sm311, l’he

secondary charging current and voltage can be used to control the

regulator. Magnetic regulators have a number of advantiiges in projecting

the ccmipcnents and form an unusually rugged charging system.
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normally that it requires a floating deck series switch, with a large

number of items placed at high voltage.

The last t~e of charging is AC resonant charging. Removing the

diode and adding some extra inductance in a normal power supply (if

desired) gives an LC re~’-~ant circuit with

voltage on the PFii rings UP cnd then it is

disadvantage is that one must work only at

loI,IIarfrequencies ire attempted, the fault

the PFN capacitance, C. The

discharged into the load. The

this resonant frequency. If -

modes are simply horrendous.

This technique was, however, used illseveral fixed-PRF WWII spark-gap

pu?sers. Some quite large modulators were built.that had no exp;icit

resonant ch~rging network. They used a three-phase AC supply with

adsqzate leakage inductance in the high-volt;!ge transfornler and charqed

thrse PFiiS, using three si~itches to discharge them all intc one load.

The sys :Sm fcr fix~c!-freq~e~cy opera: ion can then be very comp,~ct.
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FIG. 16
COMPARIS~ OF THE CLASSES OF REPETITIVE POUER CONDITIONING SYSTEMS

Characteristics Hard-tube PCS Line-type PCS

Efficiency

Puise shape

Imped~rlce-match

lnterpuiseinterval

koltaqesupply

Change of pulse duration

‘ime jitter

Circuit cunplexity

Lower; more power lost in tube
heating, and in dissipation in
the switch tube.

Better rectangular pulses. Shape
control by input pulse in analog
fashion. - -

Hide range of mismatch perm ssible.

May be very short; as for coding
beacons (i.e., =1 nsec).

High-voltage supply usually nec-
essary ‘VL.

Determined directly by input
pulse shapes.

Negligible time jitter (jl ns).

Greater, leading to greater dif-
ficulty in servicing and high cost.

High, ;80%, particularly when the
pulse-~ower output is high.

Poorer rectang~lar pulses, particularly
through pulse transformer.

!3nall range of misma+ch permissible
(=20-30%). Pulse transformer will
match any load, but power input to non-
linear load cannot be varied over a
wide range.

Must be several times the deionizatim
time of discharge tube (i.e., 2-30G Psec).

Lower-voltage supply, particularly with
resonant charging. ,

Requires high-voltage switching to a ncw
network.

High-power line-type pulsers with a
hydrogen thyratron give a time jitter
of <2 ns.—

Less, permitting smaller size and weight.
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<1 ns, Increasing t~ around 20 ns rlsetime in large systems. There are

scalability lim~tatlons in the hard-tube PCS dictated by component

availability for high average power systems.

SUFT4ARY .

Pulse risetimes and the flatness characteristics suffered

significantly as a result of long resistive phase turn-ens of early

switch tubes. What can be achieved to date in sub-ohm impedance circufts

are current risetimes of 20 ns at current rates of rise, circuit-limited,

in excess of 1.2 MA/microsecond with new thyratrons under development.

Five hundred kA/microsecond thyratron switch tubes are now available.
o~~ can now consider designing a number Of line-type power conditioning

systems for long-life operation at kilohertz rep rates that previously

were thought of as impractical. The equivalent Inductance of the switch

thyratrons has concurrently been reduced by a factor of 20.

In the case of impedance matching one can modulate the equivalent
r~s~~tance of hard.:ube modulators in an andlog faSh{On, SO ii :5

Possible to accommodate very large impedance mismatches and time-varyirlg

load,. This was the reason for the first large-sc,]leefforts to drive

hi$-r~p-r?re CO~ systems with hard-tube peso (TheY can oPerat@ at
!~+~~~qr~zrnp.r~tes.) In thiswaythe decreasing discharge fmpedance

wi:’1 time could b~ accommodated, The mismatch range of 20-30% is one

over which the efficiency of the system doesn’t vary a lot. GoiIIgh@V’)n(~

t+,]?,f~r ?FN type PCs, all of the adr!lt~on~l stored enerqy must hQ

flizuoI;JwIof sl:~wh~re if it is not d~I)n ‘ted into t~le Irwl in I ti:~I~

p~u~l ~~ ~n~ discharqp timp nt the pulse formirl~flnpt’wor4. 1+ ;$ ~,ld..,,,,~

to depotlt, ,1smuch of th,lt e$mwqy as possiblu in the clisch.lrqetim~!of

t’lePFY,

I
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recovery-time degradation with age because of their internal

construction. It takes a long t- for the plasma from the cathode to

lose cormnunicationwith the anode. Today, one can go down to a

microsecond recovery time in modest sized thyratrons discharging

millicclllombs/pulse.

In terms of high-power spark gaps,
microseconds and haven’t changed,

spark gaps it is possible to go to

recovery times are hundreds of

If one wishes very fast recovery In

a device that adopts some Intwnal

quenching mechanism to get rid of the residual ionization, An example is

the work done on Hydrogen quench gaps, which are essentially a pair of

electrodes separated by a number of fine meshes. In discharges through

the device at a modest pressure of Hydrogen, the presence of the mesh

cools t4e ionized gas in gap very quickly, enhances recombination arou?t

each mesh causing little globs of isolated plasma to form, These gaps

can then work at a hundred tllohertz rep-rate or above, discharging s fSIW

hundred plcofarads capacitance per pulse. However, because all the

currelt !s passing through the screens It’s dlfflcult to flow high

average powers through the device.

This covers the Introduction to pulse power systems, with an

orientation toward higher rep-rate devices.
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QUESTION: What ctfssipatingmechanism were you using in the first class

of loads in Fig. 5?

ANSWER: None. One can obtain a relative

where the characteristic frequencies dre

y high Q (>100) in circuits

n the order of a few

megahertz. Normally, if just one discharge cycle is needed and the

stored energy requirements are not too large (=100 J), nonlinear thyrites

or metal oxide varistors are very effective shunt elements for damping.

The alternative choice that works well for inductors is to crowbdr the

voltage across the inductor with eithe~ a thyrdtron or a spark gap so

that as the discharge current starts to reverse through it, the balanc~

of the stored energy is then bypassec into a resistive dump. T+ere is

often a problem in timing the crowbar initiation.

Question: Mi’

A report

Christmas. 1(

1 the cr.ursenotes he avai

with all the diagrams from

will include a considerab

able?

this course will be out by next

e bibliography and an expansion

of many of the areas from the course. Later, a set of notes, in book

form, may become available with a lot of detail ir some of the spectalty

areas that, of time necessity, are briefly discussed in class.
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